Abstract Human T-lymphotrophic virus type I (HTLV-I) is an oncogenic retrovirus and its infection is associated with a variety of human diseases including HTLV-I-associated myelopathy/tropic spastic paraparesis (HAM/TSP). Large numbers of epidemiological, virological, immunological, and clinical studies on HTLV-I-and HTLV-I-associated diseases have been published, although the pathogenesis of HAM/TSP remains to be fully understood. In the last several years, researchers have shown that several key factors are important in HTLV-I-associated neurologic disease including high HTLV-I proviral load and a strong immune response to HTLV-I. Here, we review pathophysiological findings on HAM/TSP and focus on viral-host immune responses to the virus in HTLV-I infected individuals. In particular, the role of HTLV-I-specific CD8+ T cell response is highlighted.
Introduction

HTLV-I-associated myelopathy/tropic spastic paraparesis
Human T-lymphotrophic virus type I (HTLV-I) is the first human oncogenic retrovirus to be identified and is thought to infect approximately 10-20 million people worldwide (Poiesz et al. 1980; de The and Bomford 1993) . Several endemic areas for HTLV-I are known in the world such as southern Japan, the Caribbean, Central and South America, Middle East, Central and West Africa, Melanesia, and there are smaller foci in the aboriginal populations of Australia, Papua New Guinea, and northern Japan (Gessain 1996) . HTLV-I has been demonstrated to be the etiological agent of both adult T cell leukemia(ATL) and a progressive neurological disease termed HTLV-I-associated myelopathy/tropic spastic paraparesis (HAM/TSP) (Hinuma et al. 1981; Gessain et al. 1985; Osame et al. 1986) In 1985, Gessain first reported the high prevalence of anti-HTLV-I antibodies in the sera of the patients with tropic spastic paraparesis in Martinique of French West Indies. Subsequently, Rogers-Johnson reported similar findings in Jamaica and Colombia. In 1986, Osame reported the association between HTLV-I infection and spastic paraparesis in southern Japan, Kagoshima prefecture and proposed the diagnostic term HTLV-I-associated myelopathy. The official name of the disease, HAM/TSP, and the clinical and laboratory guidelines for the diagnosis of HAM/TSP have been made based on the World Health Organization guidelines in 1987 (WHO 1989; Osame 1990) . HAM/TSP is characterized by unremitting myelopathic symptoms such as spastic paraparesis, persistent lower back pain, bladder dysfunction, and mild limb sensory disturbance. Of interest, these features are typically symmetrical in most patients with HAM/TSP, while there are some patients with a variation in progression and symptoms and some patients presenting with atypical neurological feature like mononeuropathy (Leite et al. 2004) , amyotrophic lateral sclerosis (Matsuzaki et al. 2000) , or spinocerebellar degeneration ). The reason why most HAM/TSP patients show thoracic to lumbar myelopathy and a clinically symmetrical presentation remains unclear. Interestingly, the majority of infected individuals remain lifelong asymptomatic carriers. In the endemic area, the seroprevalence varies from 1% to 20%. Approximately 0.25% (Kaplan et al. 1990 ) to 5% of the infected individuals develops HAM/ TSP while 2% to 5% develop ATL. Why only a subset of HTLV-I infected individuals develop clinical disease while the vast majority remain as asymptomatic carriers (AC) is not known, but it is believed to include genetic susceptibility associated with a dysregulated immune response that results in neuropathology.
Human T-lymphotrophic virus type I HTLV-I is an exogenous, human retrovirus, which varies little in sequence compared with human immunodeficiency virus type-1 (HIV-1). It is classified in the genus deltaretrovirus of the subfamily Orthoretrovirinae. HTLV-I genome contains three open reading frames that encode for proteins that can be found in the mature virus. The three typical structural and enzymatic genes (gag, pol, and env) are flanked by two long terminal repeats as seen in other retrovirus. In addition, a region called pX contains at least four partially overlapping leading flame (ORFs) encoding accessory proteins (p12, p13, p30), the post-transcriptional regulator REX (ORF3), and the TAX transactivator (ORF4; Fig. 1 ).
Transmission of HTLV-I occurs through three main routes, breast-feeding, sexual contact, and blood transfusion. For all these routes, infected cells must pass from the infected individuals because HTLV-I transmits by cell-cell contact. HTLV-1 infected cells produce and transiently store virions in extracellular adhesive structures rich in extracellular matrix components and linker proteins that are crucial for HTLV-1 cell-to-cell transmission (Pais-Correia et al. 2009) . When an infected cell contacts an uninfected cell, a microtubule-organizing center is polarized at the cell-cell junction, and a virological synapse forms at the interface (Igakura et al. 2003) . HTLV-1 integrates randomly into the host genome (Doi et al. 2005) . Sequential analyses of integration sites verify that the proliferation of HTLV-1-infected cells is clonal and persistent (Furukawa et al. 1992; Wattel et al. 1995; Etoh et al. 1997; Cavrois et al. 1998) . Unlike the amplification of HIV-1 proviral genomes that is associated with de novo infection of new cells (Miyazato et al. 2006; Taylor et al. 2006; Feuer and Chen 1992) , clonal proliferation of HTLV-I infected cells contribute to the increased number of infected cells in PBMC.
Location of HTLV-I infected cells and HTLV-I proviral expression in situ HTLV-I in the CNS of HAM/TSP patients There is a strong antibody response to HTLV-I with high titers of HTLV-I-specific IgM, IgA, and IgG, which are correlated with proviral load (PVL; Kira et al. 1992; Manns et al. 1999) . Increased numbers of HTLV-I-specific HLA class I-restricted CD8+ CTLs is also one of the striking features of HAM/TSP (Jacobson et al. 1990; Pique et al. 2000) . These results suggest that there must be persistent HTLV-I proviral expression in vivo. Although HTLV-I can infect a wide range of human and nonhuman cells in vitro, HTLV-I has been thought preferentially to infect CD4+ cells (Richardson et al. 1990; Trejo and Ratner 2000) . High HTLV-I proviral loads were demonstrated in PBMC of patients with HAM/TSP and are higher than in asymptomatic carriers (Kubota et al. 1993; Hashimoto et al. 1998; Nagai et al. 1998) , although HTLV-I tax expressing cells are difficult to detect. HTLV-I tax encodes a transactivator protein for virus expression and plays important roles in activating cellular genes including inflammatory cytokines. Tax also has a dominant epitope recognized by HTLV-Ispecific CD8+ cytotoxic T lymphocytes (Niewiesk et al. 1995) . Therefore, it has been suggested that strong HTLV-I tax expression, somewhere, is needed to drive these elevated CTL. HTLV-I proviral load and HTLV-I tax expression were found more frequently in the CSF than in the PBMC of the patients with HAM/TSP (Nagai et al. 2001a; Moritoyo et al. 1999) . The ratio of HTLV-I PVL in the CSF cells to that in the PBMCs was significantly associated with clinically progressive disease and with recent onset of HAM/TSP (Takenouchi et al. 2003) . In addition, HTLV-I infected lymphocytes shared the same HTLV-I integration site in cellular DNA in both CSF and PBMC of the HAM/TSP patients (Cavrois et al. 2000) . These findings suggest that HTLV-I-infected lymphocytes migrate from the periphery into the CNS and that expression of HTLV-I tax in the CNS may induce a strong immune response and subsequent development of HAM/TSP. (Matsuoka et al. 1998) .
Another study showed that HTLV-I tax mRNA could be demonstrated in infiltrating CD4+ T lymphocytes in active lesions of the affected spinal cord using in situ hybridization (Moritoyo et al. 1996) . Kubota et al. reported that quantitative PCR analysis showed the amount of HTLV-I DNA decreased concomitantly with the number of infiltrating CD4+ cells but not CD8+ cells nor macrophages in spinal cord lesions (Kubota et al. 1994) . These findings suggest a preferential viral reservoir in infiltrating CD4+ T lymphocytes that express HTLV-I tax in the CNS. However, other cells may also harbor HTLV in the CNS. For example, HTLV-I RNA has been shown to localize to astrocytes (Lehky et al. 1995; Ozden et al. 2002) (Akizuki et al. 1989) . Natural killer (NK) cells are rare in the lesion (Umehara et al. 1994a) . Smaller numbers of infiltrating cells are also found in the midbrain, pons, medulla oblongata, cerebellum, and cerebral white matter (Akizuki et al. 1988) . The abnormal signals of white matter in the cerebrum are also detected by MRI and have been associated with inflammation (Kira et al. 1991) . These regions detected by MRI are usually small, less than 5 mm in the white matter, though almost all the patients with HAM/TSP do not show such symptoms. The reasons why lesions are scattered in the CNS, as well as why the thoracic level of the spinal cord is mainly affected, remain unclear. Of importance, the neuropathology of the spinal cord of HAM/TSP appears to change gradually during the progression of the disease (Umehara et al. 1993 ).
In cases with clinical history up to 3 years, parenchymal lesions with marked inflammation and those with degeneration rather than inflammatory changes coexist in the spinal cord. Lymphocyte exudation occurs randomly in both gray and white matter but is more frequently seen in the deeper portion of the cord than in the surface areas. Inflammation involves both white and gray matter, but the white matter is preferentially degenerated at the lesion. Interestingly, the lateral column is commonly, symmetrically, and most extensively involved with inflammation, while the anterior and posterior columns are usually less affected. These lesions are associated with the presence of a number of CD4+ and CD8+ cells, foamy macrophages, and fibrillary gliosis. It is commonly seen along the course of the small vessels running from the gray matter to the white matter. B cells are also found in the lesion but mainly located in perivascular spaces of larger vessels (Iwasaki 1993) . A number of infiltrating macrophages and microglia are activated with the expression of MRP14 and MRP8 (Abe et al. 1999) . Neurons in the anterior horn are relatively well preserved despite the presence of inflammatory cells. Immunoreactivity for HLA class I is present on endothelial cells, microglial cells, astrocytes, and infiltrating mononuclear cells (Wu et al. 1993) . Upregulation of HLA class II expression is also found on endothelial cells, microglia, and infiltrating mononuclear cells in the lesion (Umehara et al. 1993) . High expression of vascular cell adhesion molecule-1 on endothelium has been demonstrated (Umehara et al. 1996) . Expression of vary late antigen-4 and monocyte chemoattractant protein-1 is also upregulated in the infiltrating cells in active-chronic lesions of affected spinal cord. Intracellular adhesion molecules-1 and its counterpart molecule lymphocytes function-associated antigen-1 are also suggested to be involved in the lymphocyte infiltration in the spinal cord (Cabre et al. 1999) . Proinflammatory cytokines such as tumor necrosis factor (TNF)-α, interferon (IFN)-γ, and interleukin (IL)-1β were detected in perivascular infiltrating cells (Umehara et al. 1994a) , while IL-1β were predominantly expressed on the infiltrating macrophage and parenchymal astrocytes. IFN-γ is also expressed on glial cells.
In cases with duration of 4 to 6 years, smaller numbers of inflammatory cells are located in the meninges and perivascular spaces. CD8+ cell are predominantly seen in the parenchyma relative to CD4+ cells. Activated macrophages and microglia expressing MRP-8 are also present. The white matter is uniformly degenerated.
In HAM/TSP cases of longer duration of disease, myelin and axon are equally degenerated and lost, and tissue is largely replaced by glial scar with foamy cells, microglial cells, and a small number of lymphocytes, mostly CD8+ cells with concomitant downregulation of proinflammatory cytokine expression (with the exception of IFN-γ; Umehara et al. 1993; Iwasaki 1990) . Although a number of macrophages are detectable in the lesions, the markers of activated marophages and microglia such as MRP-14 or 8 were downregulated (Abe et al. 1999) . Fibrous thickening of aventitia and hyalinazed changes of the small vessels (hyalinous thickening of their wall) are conspicuous in both gray and white matter in the lesion of the patients with long history. Myelin staining revealed symmetrical myelin pallor of the lateral column that is most conspicuous in the entire length of the lateral pyramidal tract even in the cases with mild changes of the lateral column. Myelin pallor of the anterior or posterior funiculi is less involved and mild. Wallerian degeneration of ascending tracts in the posterior funiculi is less conspicuous than that of the pyramidal tract in the lumbar and sacral funiculi (Iwasaki 1990) . In some cases with long history of disease of more than 20 years, a number of infiltrating CD8+ cells are reported in the spinal cord (Iwasaki et al. 2004 ). The rate of progression of disease depends on the individual.
Aye et al. reported that perivascular inflammatory infiltration in HAM/TSP cerebrum was seen in deep white matter and in the marginal area of cortex and white matter and that the types of the infiltrating cells were similar both in the spinal cord and cerebrum. In addition to infiltrating cells, demyelination and axonal damage were also seen in the lesion. Therefore, they suggested that HAM/TSP inflammatory process progressed and diminished in the entire area of the CNS simultaneously and that the lesions had a correlation with the site of slow blood flow in the spinal cord and the brain (Aye et al. 2000) .
Distribution of HTLV-I other than the CNS
It remains unclear as to the extent that HTLV-I-infected cells proliferate and how much HTLV-I virus protein is expressed to stimulate the observed strong HTLV-I specific immune response seen in HAM/TSP patients. The proliferation and HTLV-I tax expression of HTLV-I infected cells has not been determined in either the CNS parenchyma or other tissue/organs of patients with HAM/TSP. In contrast, semi-quantitative studies on the distribution of HTLV-I proviral DNA in situ suggested that strong HTLV-I provirus signals could be detected by PCR in the spinal cord, peripheral nerve, muscle, lungs, and liver and that weak HTLV-I provirus signals were detected in the medulla oblongata, optic nerve, and lymph node (Sueyoshi et al. 1994) . Documented in vivo infection under noncultured condition is rare but has been reported in salivary epithelium of the patient with Sjogren's syndrome (Mariette et al. 1993) , sweat gland epithelia of the patient with squamous cell carcinoma (Setoyama et al. 1999) , and salivary glands of healthy carrier (Tangy et al. 1999) . The distribution of HTLV-I infected cells in those studies were found to be scattered in few sections. Clearly, additional information is needed with regards to the extent and distribution of HTLV-I proviral DNA, sites of proliferation, and HTLV-I protein/tax expression in situ.
HTLV-I in PBMC CD8+ cells including HTLV-I specific CD8+ CTLs have been shown to be infected with HTLV-I in PBMC (Hanon et al. 2000; Nagai et al. 2001b ). Interestingly, HTLV-I tax expression in these infected CD8+ T cells rendered them susceptible to cytolysis mediated by autologous HTLV-I specific CD8+ CTLs (Hanon et al. 2000) . HTLV-I specific CTLs may serve a dual function as both target and effector cells while HTLV-I infected CD8+ cells have not been demonstrated in the CNS parenchyma of HAM/TSP patients.
Previous studies have shown that mononuclear phagocytes (MPs), including monocytes, macrophages, and dendritic cells (DCs), are susceptible to HTLV in vivo, while the frequency of these infected MPs was determined to be 0.5-5% of the total MP population (Macatonia et al. 1992; Koyanagi et al. 1993; Makino et al. 1999) . Although HTLV-I PVL in DCs is positively correlated with that of PBMC (Azakami et al. 2009 ), HTLV-I tax expression of the MPs including CD14+ cells and macrophages was barely detectable compared with CD4+ or CD8+ cells in the PBMC even after culture. More recent studies demonstrate that DCs can be efficiently infected by cell-free HTLV-I virions in vitro (Jones et al. 2008 ) although this seems unlikely to contribute to maintaining the high HTLV-I PVL in infected individuals since HTLV-I cell-free virions have not been reported in the periphery and are known to be poorly infectious to CD4+ cells.
Yamano et al. has reported that CD4+ CD25+ cells are the predominant viral reservoir in HAM/TSP PBMC and that the decreased Foxp3 expression in this subset was associated with a loss of suppressor function (Yamano et al. 2004; Oh et al. 2006; Michaelsson et al. 2008; Hayashi et al. 2008) . It was suggested that this decrease of Foxp3 expression (loss of T regulatory cell function) may be involved in persistent T cell activation in lesions of HAM/TSP patients. This is in contrast with Toulza et al. who have reported that FoxP3+ cells in CD4+ T cell subset was not increased in HAM/TSP patients (Toulza et al. 2008 ). In the report, the frequency of tax negative Foxp3+ CD4+ cells was negatively correlated with the HTLV-I specific CTL frequency, while the frequency of tax positive Foxp3+ CD4+ cells was not. Recently, Yamano et al. reported the CD4+ CD25+ CCR4+ T cell subset was increased in HAM/TSP patients and also highly infected with HTLV-I compared with CD4+ CD25+ CCR4− cells (Yamano et al. 2009 ). Especially, Foxp3-negative population in CD4+ CD25+ CCR4+ T cells was significantly increased in HAM/TSP patients. In this study, purified CD4+ CD25+ CCR4+ T cells subset proliferated independently, while CD4+ CD25− CCR4− subset did. Asquith et al. has also shown that CD4+ CD45RO+ T cell proliferation, which are also susceptible to HTLV-I infection, was elevated in the PBMCs of HTLV-I-infected individuals using nonradioactive isotopes to dividing cells. In this study, the increased proliferation in vivo was correlated with ex vivo HTLV-I tax expression (Asquith et al. 2007 ). Collectively, these observations suggest that the strong immune response to HTLV-I seen in HTLV-I infected individuals may be due to increased proliferation of HTLV-I-infected CD4+ cells and their tax expression. HTLV-I tax expressing cells are barely detectable in PBMC ex vivo because of the strong HTLV-I specific CTL response that recognize and lyse these HTLV-I tax expressing cells.
Risk factors for HAM/TSP
A small percentage (less than 5%) of HTLV-I-infected individuals develops HAM/TSP while the majority remains lifelong asymptomatic carriers. It is therefore obvious that infection with HTLV-I is necessary but not sufficient to cause HAM/TSP. The crucial risk factors that determine the outcome of an HTLV-I infection is still unclear but include HTLV-I proviral load, host genetic factors, variants of HTLV-I, age, and gender.
HTLV-I PVL is an important risk factor for HAM/TSP
Higher HTLV-I PVLs have been demonstrated in PBMC of patients with HAM/TSP compared to asymptomatic carriers. Previous studies have shown that HTLV-I PVL of HAM/TPS patients were about 5-to 16-fold higher than those of asymptomatic carriers (Kubota et al. 1993; Hashimoto et al. 1998; Nagai et al. 1998) . The study in Kagoshima, southern Japan which is one of the largest endemic areas in the worlds for HTLV-I showed that the prevalence of HAM/TSP rose steeply as the proviral load exceeded 1% of PBMCs (Nagai et al. 1998 ). Moreover, HTLV-I PVL was also increased in the CSF of the patients with HAM/TSP compared with that in the PBMC (Nagai et al. 2001a) . Importantly, the ratio of PVL in the CSF cells to that in the PBMCs was significantly associated with clinically progressive disease and with recent onset of HAM/TSP (Takenouchi et al. 2003) . In a small prospective cohort study performed in the UK, Taylor et al. have validated these observations and suggest that high PVL predispose to a high risk of onset of HAM/TSP . Collectively, these results demonstrate that an increased HTLV-I PVL is a strong risk factor for HAM/ TSP and is associated with clinical progression in this disorder.
Genomic integration and HTLV-I proviral load HTLV-I tax expression in cultured PBMCs without CD8+ cells is more frequently detectable in HAM/TSP patients than in asymptomatic carriers at a given proviral load (Yamano et al. 2002; Asquith et al. 2005a) . Asquith et al. reported that HTLV-I tax expressing rate in CD4+ cells after 18 h culture without CD8+ cells was positively correlated with HTLV-I PVL in PBMC (Asquith et al. 2005a) . In this study, it was the rate of HTLV-I tax expression ex vivo in CD4+ cells that was thought to be a strong predictor for HAM/TSP independent of HTLV-I PVL. The authors suggested that the positive correlation between the HTLV-I tax expressing rate and HTLV-I PVL was attributed to the infected cell proliferation by taxinduced upregulation of cellular genes involved in proliferation and deregulating cell cycle checkpoint (Bex and Gaynor 1998; Hollsberg 1999; Mesnard and Devaux 1999) .
They went on to demonstrate that CD4+ CD45RO+ T lymphocyte proliferation was increased in HTLV-I-infected individuals in vivo and that the proliferation rate correlated with ex vivo HTLV-I viral expression, suggesting that persistent viral gene expression in vivo was necessary for the maintenance of HTLV-I PVL (Asquith et al. 2007 ). Recently, Meekings et al. reported that genomic integration in transcriptionally active genomic regions determines the rate of HTLV-I proviral expression (Meekings et al. 2008) . The genomic integration of HTLV-I to certain regions may induce high HTLV-I tax expression and subsequent taxinduced proliferation that define HTLV-I PVL and that may drive the expansion of HTLV-I specific CTL (Bangham et al. 2009 ).
Genetic factors and subtypes HTLV-I tax
While HTLV-I PVL is an important risk factor for HAM/ TSP, the range of HTLV-I PVL seen in both groups of HAM/TSP patients and asymptomatic carriers is large with extensive overlap (Nagai et al. 1998) . Of importance, HTLV-I PVL in asymptomatic carriers of families with HAM/TSP patients was higher than those of unrelated asymptomatic carriers. In addition, since HTLV-1 varies little in sequence other than tax gene either within or between hosts (Daenke et al. 1990 ), the variation in proviral load among HTLV-I infected individuals is thought to be caused by differences in the host rather than in the virus.
There are wide variations (over 1,000-fold) in HTLV-I PVL among infected individuals, although within an individual, the HTLV-I PVLs is stable over time (Takenouchi et al. 2003; Matsuzaki et al. 2001) . These findings suggest that the genetic factors as well as HTLV-I PVL and rates of HTLV-I tax expression in CD4+ cells play an important role in the development of HAM/TSP. Some HLA genotypes were found to influence HTLV-I PVL and the risk for HAM/TSP. In a case-control study, candidate gene association study in the HTLV-I endemic area of Kagoshima in Kyusyu Island, Japan (Jeffery et al. 1999 (Jeffery et al. , 2000 Vine et al. 2002) , it was reported that HLA-A*02 or Cw*08 was independently associated with a lower risk (absence or presence) for HAM/TSP. The association between these two class I alleles and low HTLV-I PVL was found in only the group of asymptomatic carriers (Vine et al. 2002) . HLA-B*5401 was also associated with higher HTLV-I PVL and high risk for HAM/TSP (Jeffery et al. 2000) . Furthermore, individuals who were heterozygous at all three HLA class I loci have a lower PVL than those who were homozygous at one or more loci (Jeffery et al. 2000) . It was suggested that HLA class I-restricted immune responses influence the HTLV-I PVL. HLA class II alleles such as HLA-DRB1*0101 was associated with high risk for HAM/TSP (Jeffery et al. 1999; Usuku et al. 1988 ). In another study, Borducchi et al. also reported that HLA-A*02 is associated with a low prevalence of HAM/TSP in white subjects but not Mestizo subjects in Brazil. The association of HLA-DR11 with HAM/TSP, which has previously described in Japanese patients (Usuku et al. 1988) , was observed only in the Mestizo patients (Borducchi et al. 2003) . These results suggest that a strong HLA class I-restricted T cell response is beneficial. Contrary, Takenouchi et al. demonstrated that HLA-A*2402 was significantly associated with a lower PVL and a higher risk for HAM/TSP in Kagoshima, Japan (unpublished data). In addition, Furukawa et al. reported an association between HTLV-I tax gene sequence variation and the risk of HAM/TSP. The HTLV-I tax subgroup A was more frequently observed in HAM/TSP patients than in ACs, and this effect was independent of HLA-A*02 (Furukawa et al. 2000) . Similarly, Sabouri et al. also reported that HLA-A*02 did not give protection against HTLV-I with the HTLV-I cosmopolitan subtype A strain in Iran (Sabouri et al. 2005) . Other genetic factors not associated with HLA have also been reported to be associated with HAM/TSP. Vine et al. reported that a promoter polymorphism in the cytokine gene TNF-α-863A, stromal cell-derived factor-1, and IL-15 also influenced the outcome of the HTLV-I infection (Vine et al. 2002) . Clearly, a wide range of genes both within and outside the HLA region will be shown to influence susceptibility to HTLV-I and the clinical outcome of an HTLV-I infection.
Tax-specific CD8+ CTL
Increased tax-specific CD8+ CTLs have a strong association with the pathogenesis of HAM/TSP (Fig. 2) One of the most striking features of the cellular immune response in HTLV-I-infected individuals is the increased numbers of HTLV-I-specific HLA class I-restricted CD8+ CTLs in PBL and CSF cells (Jacobson et al. 1990; Elovaara et al. 1993; Parker et al. 1994; Greten et al. 1998; Nagai et al. 2001c; Kubota et al. 2002) . Cytotoxic T cells (CTL) are an important component of the adaptive mammalian immune response to viruses and act by killing autologous cells that express viral antigen in association with MHC class I and by suppressing viral replication by secretion of IFN-γ. While HTLV-I specific CTLs are also detectable in PBMC of asymptomatic carriers (Parker et al. 1992) , the magnitude and frequency of these responses are clearly higher in patients with HAM/TSP, particularly in the CSF (Nagai et al. 2001a; Elovaara et al. 1993) . In HAM/TSP, most of these cells express IFN-γ and TNF-α, were CD8+ cells, and were HTLV-I-specific CTL. The frequency of IFN-γ+CD8+ cells (CTL) was significantly higher in the PBMC of HAM/TSP patients than in that of asymptomatic carriers or healthy controls and was correlated with HTLV-I PVL in PBMC (Kubota et al. 1998 (Kubota et al. , 2000 , although positive correlations between CTL frequency and HTLV-I PVL was not always seen in other studies. HTLV-I PVLs were also increased in CSF cells compared with that in the PBMC of HAM/TSP patients, and those were proportional to the frequency of HTLV-I specific CTLs in the CSF (Nagai et al. 2001a ). These observations coupled with pathological findings that infiltrating TIA-1+ cells (CTL) appear to correlate with the presence of apoptotic CD4+ T cells in inflammatory lesion in HAM/TSP (Umehara et al. 1994b) suggests that the increased HTLV-I specific CTLs in the CNS are strongly associated with the pathogenesis of HAM/TSP.
Tax-specific CD8+ CTL clones have also been demonstrated to secrete various inflammatory cytokines, chemokines, and matrix metalloproteinase (MMP) such as IFN-g, TNF-α, monocyte inflammatory protein (MIP)-1α, MIP-1β, IL-16, and MMP-9 (Biddison et al. 1997) . TNF-α induces cytotoxic damage to endothelial cells, thus decreasing the integrity of the BBB. It can also directly injure oligodendrocytes. MIP-1α and 1β can enhance transendothelial migration of lymphocytes into the CNS. IL-16 is a chemoattractant for CD4+ cells, and CD4+ T cells are the major source of IL-2 that is required by IL-2 nonproducer CD8+ cells for proliferation. Therefore, HTLV-I-specific CD8+ CTLs are the important source of proinflammatory soluble mediators that may contribute significantly to the pathogenesis of HAM/TSP. Why does the high frequency of HTLV-I specific CTL not decrease HTLV-I PVL?
HTLV-I PVL and tax mRNA positively correlated with the frequency of HTLV-I-specific CTLs in PBMCs (Yamano et al. 2002; Nagai et al. 2001c; Kubota et al. 2000) . Why does the high frequency of HTLV-I specific CTL therefore not contribute to a decrease in HTLV-I-infected cells and PVL in the periphery of infected individuals? One possibility is that HTLV-I-specific CTLs are functionally dysregulated. Sabouri et al. reported that the frequency of intracellular perforin-positive CD8+ T cells was significantly lower in both HAM/TSP and ACs than in healthy controls (HCs; Sabouri et al. 2008) . In this paper, an inverse correlation between HTLV-1 PVL and the percent perforin-positive CD8+ T cells were observed only in HLA-A*02+ HCs but not in HAM/TSP patients. In this context, there may be differences in CTL function rather than CTL frequency. The CTL-mediated lysis effect (killing ability per CTL) of a CTL could be evaluated by measuring the effect of varying the frequency of CD8+ cells (not HTLV-I tax-specific CTLs) on the rate of disappearance of HTLV-I tax expressing cells ex vivo (Asquith et al. 2005b) . Asquith et al. reported that the CTL lysis effect of HAM/TSP patients was not different from that of ACs. In addition, the variation in HTLV-I PVL among HTLV-I infected people was explained by differences in CTL lysis effect. The CTL lysis effect was negatively correlated with HTLV-I PVL in both HAM/TSP patients and ACs groups. Interestingly, HTLV-I PVL of HAM/TSP patients were significantly higher than AC at any given lytic effect of a CTL. These results suggest that CTLs do contribute to decrease HTLV-I PVL, and high HTLV-I PVL in HAM/TSP patients is not a consequence of weak CTL lysis. Again, additional factors must also be associated with high HTLV-I specific CTL that may be associated with the pathogenesis of HAM/TSP.
CTL activity is associated with CD244-SAP signaling in CD8+ cells
The ability of CD8+ T cells to degranulate (CD107α) has been directly correlated with cytolytic activity of effector CD8+ T cell and has been used as a useful tool to characterize total CD8+ T cell lytic activity in various diseases (Rubio et al. 2003; Betts et al. 2003; Kozako et al. 2006; Betts et al. 2006; Gehring et al. 2007 ). EnoseAkahata et al. recently reported an increased spontaneous degranulation with IFN-g expression (CD107α/IFN-γ) in CD8+ cells of HAM/TSP patients but not in asymptomatic carriers (Enose-Akahata et al. 2008) . These authors have extended these observations and have shown that the CD244/SAP pathway in CD8+ cell is involved in the active regulation of CTL of patients with HAM/TSP (Plos Pathogens, in press). In this study, while the expression of CD244, a signaling lymphocyte activation molecule (SLAM) family receptor, was significantly higher on CD8+ T cells in both HAM/TSP patients and ACs than those on healthy normal donors (NDs), SLAM-related adapter protein (SAP) was overexpressed only in HAM/TSP patients compared to ACs and NDs. Blockade of CD244 inhibited the degranulation and IFN-γ production (CD107α/IFN-γ) and SAP knockdown by siRNA also inhibited IFN-γ production in CD8+ T cells of HAM/TSP patients. The results suggested that differential expression of SAP in the CD8+ cells results in a higher frequency of degranulation in HTLV-I infected individuals, thereby contributing to the higher CTL activity observed in patients with HAM/TSP.
Interaction between HTLV-I specific CD8+ CTL and mononuclear phagocytes While high SAP expression of CD8+ cell in HAM/TSP patients was shown to influence CTL activity, additional factors are also important. Recently, there has been a greater appreciation for the role of MPs including CD14+ cells, macrophages, and dendritic cells. These populations have been shown to play a role in the spontaneous cell proliferation that is seen in cultured PBMC of HTLV-I infected individuals and is inhibited by blocking with antibodies against IL-2, IL2Rα, IL-15, and IL15R (Macatonia et al. 1992; Makino et al. 1999; Tendler et al. 1990; Ali et al. 1993; Azimi et al. 1999) . Azimi et al. -15 (Enose-Akahata et al. 2008) . In this study, the frequency of CD107α/IFN-γ cells in the CD8+ cells was reduced in purified CD8+ cells compared with total PBMC in HAM/ TSP patients and then restored by the addition of autologous CD14+ cells but not CD4+ cells of HAM/TSP patients. They showed that cell-to-cell interaction with CD14+ cells was necessary for degranulation and that the frequency of CD107α/IFN-γ cells in CD8+ cells was increased by the addition of rhIL-15 or CD14+ cells and decreased by addition of both CD14+ cells and anti-IL-15 antibody. Lastly, IL-15 expression on CD14+ cells was increased in PBMC of HAM/TSP patients compared with ACs. These findings suggested that MPs play an important role in exacerbating CTLs degranulation in HAM/TSP patients. More recently, it has been demonstrated that CTL more frequently interact with CD14+ cells than with CD4+ cells in PBMC of HAM/TSP patients but not in that of normal donors (Matsuura et al., manuscript in preparation) .
Although it has been reported that HTLV-I infection of MPs induce activation and secretion of MIP-1 and other chemokines (Sharma and Lorey 2001; Mori et al. 2004) , the frequency of these infected MPs has been reported to be low (0.5-5% of the MPs; Macatonia et al. 1992; Makino et al. 1999) . Although HTLV-I tax is barely detectable in CD14+ cells by flow cytometry even after culture, we have demonstrated that CD14+ cells in contact with CTLs were highly positive for HTLV-I tax (up to 12.5% of CD14+ cells). A recent study reported cell-free extracellular HTLV-I tax could induce maturation and functional alterations of DC without HTLV-I infection of DC (Jain et al. 2007) . Together with our observations on the frequent interaction between CD14+ cells and CTLs, we have also detected that HTLV-I tax was often transferred from HTLV-I tax positive, CD4+ cells to CD14+ cells by phagocytosis. Collectively, these results suggest that not only HTLV-I-infected MPs but also activated MPs that uptake HTLV-I tax via phagocytosis may frequently interact with CTL and affect CTL degranulation. The lytic effect of a CTL in the CNS may therefore be influenced by a number of factors including MPs as well as the over-expression of SAP in CD8+ T cells of HAM/ TSP patients.
Tax-specific CD8+ CTL in the brain
The phenotype of inflammatory cells in the CNS of HAM/ TSP patients has been extensively studied. Significantly, later in disease, there is a predominance of CD8+ T cells in the regions of affected spinal cord in areas that express HLA class I antigens and from which functional HTLV-Ispecific CD8+ CTL have been demonstrated (Levin et al. 1997) . In addition, the infiltration of CD8+ CTLs in the affected spinal cord was characterized as TIA-1 positive (Umehara et al. 1994b; Anderson et al. 1990) . TIA-1 is a monoclonal antibody that recognizes a 15-kDa granuleassociated protein contained in CTLs and NK cells. Double staining for anti-CD8 and TIA revealed that 80% of TIA-1+ infiltrating cells throughout the parenchyma and perivascular area were positive for CD8. TIA-1+ cells were scarcely observed in inactive-chronic lesions, though CD8+ cells dominated in the parenchyma and perivascular area. The number of TIA-1+ cells was clearly related to the amount of the proviral DNA in situ and the number of infiltrating CD8+ cells appeared to correlate with the presence of apoptotic cells. More recently, HTLV-I taxspecific CD8+ CTLs in parenchyma and meninges were directly detected in the spinal cord of the patients with HAM/TSP by using HLA-A2 HTLV-I tax peptide pentamers (Fig. 3c) . Of importance, about 30% of the infiltrating CD8+ cells were found to be HTLV-I specific CTLs (Matsuura et al., in preparation; Matsuura et al. 2006 ). These observations continue to support a role for HTLV-I specific CTL as a major contributing factor in HTLV-Iassociated neurologic disease.
HTLV-I infected CD4+ cell and its migration to extracellular matrix HTLV-I-infected lymphocytes have been shown to adhere to endothelial monolayer cells and to migrate to a greater extent in the PBMC from HAM/TSP patients than ACs or NDs (Ichinose et al. 1996; Furuya et al. 1997; Al-Fahim et al. 1999; Romero et al. 2000) . It has been reported that CD4+ cells in HAM/TSP patients deviate to Th1-like phenotype as characterized by upregulated secretion of proinflammatory cytokines such as IFN-g, TNF-a, and IL-2 and downregulation of Th 2 cytokines such as IL-4 (Watanabe et al. 1995; Nakamura et al. 2000; Hanon et al. 2001; . Th1 cells but not Th2 cells are reported to bind to P-and E-selectin expressed on endothelial cells (Austrup et al. 1997) . HTLV-I-infected Th1 cells may therefore play a role in the triggering of the development of pathological process associated with HAM/TSP (Nakamura 2009 ). IL-1α and TNF-α secreted from HTLV-1-infected lymphocytes can induce a disruption of the tight junction between endothelial cells, a compartment of the blood-brain barrier (BBB), resulting in the increase of paracellular endothelial permeability and transcellular migration (Afonso et al. 2007 ). The alteration of the BBB function may enhance the migration of inflammatory cells including those infected with HTLV-I (Afonso et al. 2008) . Migrating lymphocytes/macrophages encounter the extracellular matrix (ECM), passing through the basement membrane. Proteolytic disruption of ECM by MMPs is a key process for the damage of the BBB. Activated HTLV-I-infected CD4 T cells induced the production of MMP-2,3,9 and TIMP-1,2,3 in human astrocytes in vitro (Giraudon et al. 1996 (Giraudon et al. , 2000 . MMP-9 and TIMP-3 were also shown to be elevated in the CSF of HAM/TSP patients compared with AC (Lezin et al. 2000) . Moreover, the expression of MMP-2 and MMP-9 was detected on the perivascular infiltrating cells of the affected spinal cord in HAM/TSP (Umehara et al. 1998 ).
Natural killer cell, NKT cell, and gdT cell in patients with HAM/TSP NK cell activity and frequency of this subset was reported to be significantly decreased in HAM/TSP compared with healthy controls (Azakami et al. 2009; Yu et al. 1991; Wu et al. 2000) . Cytotoxic activity and antibody-dependent cell-mediated cytotoxicity were also lower in NK cells from HAM/TSP patients than those of controls (Yu et al. 1991) . The study revealed NK cell activity was significantly increased after 4 weeks of oral administration of LcS preparation with improvements in spasticity (Modified Ashworth Scale Scores) and urinary symptoms, while HTLV-I PVL was not changed (Matsuzaki et al. 2005 was used for nuclear counter stain. B, C HTLV-I Tax11-19 specific CTLs were visualized by immunohistochemistry with fluorescent microscopy (B) and light microscopy (C) using HLA-A2 tax11-19-peptide complex tetramer which were visualized with Alexa-594 (red in B) or AEC (red in C; Matsuura et al., in preparation). Scale bar is 30 μm downregulate antigen-mediated T cell effector functions including cytotoxic activity and cytokine release (Mingari et al. 1998; Biassoni et al. 2001) . It is reported that CD8+ T cells that express the HLA-E ligand including an iNKR were significantly decreased in association with HAM/TSP but not in asymptomatic carriers (Saito et al. 2003) . It was therefore suggested that the decrease in these iNKR cells in HAM/TSP patients contributes to the excessive antiviral immune response. NKT subset was also significantly decreased in HAM/ TSP compared with healthy controls (Azakami et al. 2009; Wu et al. 2000) . iNKT cells are unique T cells that regulate the immune response to microbes, cancers, and autoimmunity. Frequency of iNKT, NK, and dendritic cells has been shown decreased in the peripheral blood of HAM/TSP and ATL patients (Azakami et al. 2009 ). In the study, an inverse correlation between the iNKT cell frequency and the HTLV-I proviral load was found in the peripheral blood of infected individuals. In vitro stimulation of PBMCs with alphagalactosylceramide increased iNKT cells and subsequently decreased HTLV-I-infected T cells in samples from asymptomatic carriers but not HAM/TSP or ATL patients. The authors suggested that iNKT cells contribute to the immune defense against HTLV-1 and iNKT cell depletion plays an important role in the pathogenesis of HAM/TSP and ATL.
Other disorders associated with HTLV-I infection HTLV-I has been known to be associated with not only HAM/TSP and ATL but also uveitis, alveolitis, myositis, arthritis, dermatitis, mononeuropathy, inclusion body myositis, Sjogren syndrome, Behcet disease, pseudohypoparathyroidism, and SLE (Leite et al. 2004; Morgan et al. 1989; Higuchi et al. 1992; Sugimoto et al. 1987; Vernant et al. 1988; Nakao et al. 1991; Nishioka et al. 1989; LaGrenade et al. 1990; Vernant et al. 1990; Cupler et al. 1996; Engel et al. 1997; Ozden et al. 2001; Matsuura et al. 2008; Yoshida et al. 2002) . Although HAM/TSP patients with HCV hepatitis are sometimes seen, there is no significant epidemiological link Ijichi et al. 1993; Maruyama et al. 1995) . Retrospective statistical studies show stronger associations of HTLV-I with HAM/ TSP, uveitis, myositis, and peripheral neuropathy (Gessain et al. 1985; Morgan et al. 1989; Higuchi et al. 1992; Nakao et al. 1991; Gilbert et al. 2001; Leite et al. 2003) , but less clear associations are for alveolitis, arthritis, and the other suggested diseases. While there is no epidemiological study for pulmonary diseases associated HTLV-I, some radiological studies suggest that there may be significantly higher radiological abnormalities in HTLV-I-infected subjects (Kohno et al. 1992; Okada et al. 2006 ). HTLV-Iassociated myopathy, dermatitis, and peripheral neuropathy may be less frequent in southern regions of Japan than in the Caribbean and South America. Again, host genetic factors must clearly influence these conditions. Because monoclonal T cell expansion of HTLV-I is not seen in these HTLV-I-related disorders except ATL, the immune responses in these conditions are thought to be similar to that of HAM/TSP. However, unlike HAM/TSP, there are much less reports on the pathogenesis of these other HTLV-I-associated diseases. In this context, HTLV-I-associated myositis has been studied. Pathological studies have demonstrated HTLV-I proviral DNA and HTLV-I tax expression in the infiltrating cells in perimysium but not muscle fibers by in situ hybridization and in situ PCR, respectively (Higuchi et al. 1992 (Higuchi et al. , 1995 . HTLV-I DNA and tax mRNA were also detected in the infiltrating cells in perimysium in inclusion body myositis (Ozden et al. 2001 ). Similar to HAM/TSP, HTLV-I tax-specific CTL were also detected in perimysium (Matsuura et al. 2008; Ozden et al. 2004) . In this study, HTLV-I specific CTLs were found surrounding a single muscle fiber at the center of a patchy inflammatory lesion in affected muscle (Matsuura et al. 2008) . These reports suggest that immunopathogenic CTL may also be playing a similar role in these other conditions associated with HTLV-I infection as has been suggested in HAM/TSP. Therefore, a better understanding of the pathophysiology of HAM/TSP may lead to therapies that may ameliorate a number of disorders in which HTLV-I is thought to play a role.
Concluding remarks
In HAM/TSP, localization of HTLV in CD4+ cells in the CNS may lead to the production of cytokines/chemokines that are thought to adversely effect resident cells in the CNS (bystander hypothesis) resulting in neurodegeneration of the long tract. However, neurons in the anterior horn are relatively preserved and neurodegeneration of the long tracts is commonly seen symmetrically. Histological studies in HAM/TSP patients have demonstrated that although CD4+ cells are predominantly infected with HTLV-I, other cells may also harbor HTLV-I including astrocytes and glia. All of these cells could potentially express HTLV-I antigens (processed HTLV-I peptides in association with HLA class I molecules) and are seen as targets by inflammatory, HTLV-I specific CTL. Recognition by CTL could lead to a cascade of events that produce toxic products within the CNS associated with death or dysfunction of important neuronal components leading to clinical symptoms of HAM/TSP. Although it has been known for a quarter of century that HTLV-I induces a chronic central nervous system dysfunction, the mechanisms associated with HTLV-I infection remains unclear. New factors for the development of HAM/TSP have recently been demonstrated. Differences between HAM/TSP patients and ACs include host HLA, HTLV-I genomic integration site, HTLV-I tax subtype, HTLV-I PVL, HTLV-I gene expression rate, adhesion or migration ability of infected CD4+ cells, and CTL activating factor (SAP in CD8+ cells and IL-15 in MPs). While high levels of HTLV-I tax expression has not been demonstrated to explain the strong virusspecific immune response seen in affected tissue, elevated CD4 and CD8 proliferation in vivo may explain the continuous tax expression that may serve to drive strong T cell responses. While HTLV-I specific CTL has been thought to play a role in decreasing HTLV-I PVL, these same cells may be activated by MPs and cause immunopathology in the CNS. It is clear that further information regarding the frequency, distribution, activity, and function of CTLs in the CNS of HAM/TSP as well as that of other HTLV-I-associated disorders will be needed to better understand the role of this virus played in these diseases.
